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clutches obtained in laboratory aquaria (non-hormone
ability to directly correlate a NF or TS stage with a

induced breeding). Eggs were removed and trans-

particular Gosner stage. ** Gosner correlations of stagferred to sterilized disposable culture dishes, and emes 26-27 to NF stages 46-47 from Just et al 1981.

NF stage Gosner stage TS stage
18
15
3
19-21
16
3
22-23
17
4
24
18
25-32*
-

33-34

4

19

35-39
40
20

5

5
5

41

21-23
6
42
24
6
43-45
25
6
46**
26
6
47**
27
6

bryos raised at 22-24 C. Rana sylvatica eggs and embryos were collected at Fort AP Hill, VA. Fertilized

eggs of Rana utricularia were purchased from Charles

D. Sullivan Co. (Nashville, TN). Both Rana species

were raised in bowls of dechlorinated tap water at 2224 C. Xenopus embryos were obtained from hormon-

ally-induced breeding. Clutches were raised in 10%

Steinberg solution at 22-24 C in sterile dishes. Experiments were conducted in accordance with approved
Institutional Animal Care and Use guidelines (98-2).
Observations of first twitch and immunohistochem-

ical staining were made using a Nikon stereomicroscope. First stimulated twitch of muscle was examined

by poking live specimens with metal probes. Observations of multinucleation in axial myotomes were
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Adul
collected in the wild in Puerto Rico and bred in the
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Eleutherodactylus embryos were raised at 22 C in ster- Stages 1-18. We extended the correlation for TS Stages
ilized culture dishes on sterile filter paper (moistened 5 to Gosner Stages 19/20 based on initial heart beat
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ence of axial muscle protein was detected in somites
of both Xenopus species by Stage 16. It was observed
slightly later, at early Stage 17, in both Rana species,
and at Stage 18/19, in Hymenochirus. The protein was
detected at Stage 19/20 in Eleutherodactylus, whereas
in Agalychnis it was found at Stage 17/18. We did not

section the specimens to confirm that staining oc-

curred in muscle. However, the antibody is known to

recognize a muscle specific protein (Kintner and
Brockes, 1984) and we could easily visualize entire
somites stained in the cleared specimens. Since the
bulk of amphibians somites is myotome, with only

C

small contributions from sclerotome and dermatome

_._

(see Keller, 1999, for review), we are confident that the

staining we observed represents expression in myo-

blasts or muscle cells. Note also that our results for

the stage of first expression depend on the sensitivity

of whole mount immunocytology. More sensitive

~w

methods could detect earlier expression. Hence they
should be considered the latest stages at which muscle

FIG. 1. Immunohistochemical detection of muscleprotein first appears.
specific antigen expression. Whole embyros were re-Stimulated Twitch (Table 2).-First stimulated twitch
acted with anti-muscle antibody 12/101. Binding was
of axial muscle occurred by Stage 17 in X. laevis and
detected with a peroxidase-linked secondary antibody
slightly later in X. tropicalis, Stage 17/18. It was oband detected with diaminobenzidine. In some embryserved at Stage 18 in Rana species, Stage 18/19 in Hyos this procedure stained the central nervous system
menochirus, Stage 19/20 in Eleutherodactylus, and at
in addition to skeletal muscle. Arrows indicate areas
Stage 18/19 in Agalychnis.
of specific muscle staining. Scale bars, 0.5 mm.Spontaneous
(A.)
Twitch (Table 2).-The first spontaneous
Lateral view of Rana utriucularia at Gosner stage
17. of axial muscle was observed at Stage 18/19 in
twitch
Anterior is to the left. Antigen is detected in anterior
Xenopus species, Stage 18 in Rana species, Stage 18/
myotome but not posterior unsegmented mesoderm.
19 in Hymenochirus, between Stages 21-30 in EleuthThe staining pattern of Rana sylvatica is similar
(not
erodactylus,
and at Stage 18/19 in Agalychnis.
shown) (B.) Xenopus tropicalis, Nieuwkoop and Faber
Multinucleation (Table 2).-Multinuleated axial myostage 20 (dorsal view, left) and 22 (lateral view, tome
right).
was initially detected at Stage 26/27 in X. troAnterior is toward the top. Note that embryos of
thisand at Stage 26 in X. laevis. It was observed at
picalis
species are much smaller than the other anurans
Stage 17 in Rana species. Similar to the other pipids,
shown. (C.) Ventro-lateral view of Eleutherodactylus
coHymenochirus
multinucleation was present by Stage
qui, Gosner stage 5. Staining is just detectable26.
above
Multinucleation was observed at Stage 19/20 in
background in anterior myotome. (D.) Agalychnis
calEleutherodactylus
and at Stage 18 in Agalychnis.

lidryas, Gosner stage 5. Arrows indicate myotome
Hymenochirus boettgeri, Xenopus laevis, and X. tropi-

staining.

calis were originally staged according to the Nieuwkoop and Faber (1975) normal table of development for

and beginning of gill circulation. TS stage 7 is distinguished by the first appearance of foot paddles, which
can be directly correlated with Gosner stage 31. Consequently, Gosner stages 21-30 were correlated with
TS Stage 6, which mainly involves elongation of the
limbs (Townsend and Stewart, 1985).
12/101 Protein (Fig. 1 and Table 2).-The initial pres-

(1992) provided a correlation for NF stages 46-47 with

X. laevis. Just et al. (1981) and Trueb and Hanken

Gosner stages 26-27. We determined the correlation
between NF stages 18-45 and Gosner stages 15-25.

NF stage 18 was correlated with Gosner Stage 15

based on neural groove formation. Neural tube development linked NF Stages 19-21 with Gosner Stage 16.

NF Stages 22-23 were correlated with Gosner Stage

TABLE 2. Comparative stages of myogenesis of several anuran species.
Gosner stage when first detected
12/101

protein Stimulated Spontaneous

Species expression twitch twitch Multinucleation

E. coqui 19-20 19-20 21-30 19-20
H. boettgeri 18/19 18/19 18/19 26
X. tropicalis 16 17/18 18/19 26/27
X.

R.

R.

A.

laevis

16

sylvatica

17

utricularia

callidryas

18/19

16/17

17-18

17

18

18

18-19

26

18

18

17

17

18/19
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FIG. 2. Myofiber multinucleation in several anurans. A-D represent frontal sections throu
oriented so that the medial surface (facing the notochord) is towards the bottom of the pa
aspect toward the top. Portions of two myotomes are shown in each panel. Individual my

length of a myotome. Examples of multiple nuclei within a single myofiber are marke

sylvatica, Gosner Stage 17; (B) Xenopus tropicalis Gosner St. 26/27; (C) Agalychnis callidryas
Eleutherodactylus coqui Gosner St.21-30. A-D were photographed at the same magnification.

17; these stages involve the early formation
determined
and ap- whether a particular pattern of myo
pearance of the tail bud. NF stage 33/34 isesis
charactercorresponded to a life. history mode. We sele
ized by first heartbeat, which is observed
at Gosner
Rana,
with free-swimming and completely aqu
Stage 19. We found no direct correlation between
tadpoles,NF
as the standard reproductive mode to co
stages 25-32 and any given Gosner stage. Consequentpare myogenic events among species because this
ly, NF Stages 25-32 would correspond to nus
the has
transibeen widely studied and was readily av

tional period between Gosner Stages 18 and
Gill
able.19.
The
initial presence of muscle protein, as ju
circulation links NF Stage 40 and Gosnerby
Stage
20;
whole-mount
immunocytology, was detecte
thus, NF Stages 35-39 correspond to theGosner
period Stage
be17 in Rana. The appearance of mu

tween Gosner Stages 19 and 20. NF Stage 41,
at which
protein
in other non-direct developing larvae ex

the gills become "broader and flatter" (Nieuwkoop
ined differed. It was detected earlier, Stage 16, in X
and Faber, 1975) corresponds to Gosner Stages 21-23
opus laevis and X. tropicalis, whereas it was not f
which involve further development of the gills. NF
until later in Hymenochirus, Stage 18/19. In Eleuthe
Stage 42 correlates with Gosner Stage 24 based on the
dactylus
synthesis of muscle protein appears dela
initial development of the operculum. Further
operwas
first detected at least two stages later tha
culum development linked NF Stages 43-45and
with
Gos-

precedes the first twitch of a
ner Stage 25 just before the initial presence Rana.
of theMultinucleation
hinmuscle corin Rana; however, Hymenochirus and Xen
dlimb bud. Initial limb bud development directly
relates NF Stage 46 with Gosner stage 26. exhibit functional, but mononucleated, axial myot
a point remarkably earlier than the onset of mul
Having correlated normal stages we thenatcompared
ucleation.
In Agalychnis and Eleutherodactylus mult
the stage and sequence in which common
skeletal
cleation
also slightly delayed, but it occurs at a
muscle myogenic events occurred (Table 2).
Then is
we
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the same time as the activation of axial muscle (first
twitch).

Overall, with the exception of Hymenochirus, the
non-direct developing taxa have an earlier expression
of muscle protein and muscle function than species
representing other reproductive modes. The myogenic
pattern of Agalychnis is delayed in its entirety relative

to Rana, but it exhibits muscle protein expression,

muscle function, and multinucleation earlier than in

Eleutherodactylus. Initially, we ranked Agalychnis as an

intermediate developer, based on its extended intra-

capsular development. The present analysis shows

that the myogenic pattern of Agalychnis is intermediate

between that of non-direct and direct developing anurans. Myogenesis in Agalychnis occurs faster than in
Eleutherodactylus, but it is generally slower relative to

Rana and pipids.
The present study suggests that myogenic events
vary with reproductive modes. Furthermore, it suggests a progressive delay of myogenesis associated
with a delay in hatching, i.e., extended intracapsular
development. If this is correct, we would predict that
myogenic events in other anuran taxa such as Dendrobates and centrolenids would resemble the pattern described for Agalychnis whereas myogenic events in Cophixalus, Ceratobratrachus, and some Gastrotheca, (all direct developers) would resemble the pattern of Eleutherodactylus.

Although life history may correlate with patterns of
myogenesis, some myogenic events may be better understood in the light of evolutionary relationships. For
example, among the anurans with free swimming tad-

pole, the pipid taxa studied showed delayed multinucleation of axial muscle, delayed further than it is in
Eleutherodactylus. However, within pipids Hymenochirus differs from X. laevis and X. tropicalis in its delayed
expression of muscle protein and first twitch. The departure of Hymenochirus from the pattern of myogenesis found in other pipids is not surprising since tadpoles of this taxon have been shown to differ in the
characteristics and development of other musculoskeletal structures (e.g., Sokol, 1959, 1962, 1977; de Sa and
Swart, 1999). Moreover, multinucleation occurs in pipids after first twitch, whereas in the other species multinucleation precedes or coincides with muscle function. Hence part of the myogenic sequence is altered

in pipids relative to other anurans studied thus far.
Thus, multinucleation following function may be a
synapomorphy for the pipidae. If so, then it should
also occur in the genus Pipa. The genus Pipa will be
particularly interesting to examine because there are
both free swimming tadpole (e.g., P. carvalhoi) and direct developing (P. pipa) members of the genus. This
could allow one to determine more directly whether
myogenic patterns are related to life history rather
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